Abstract The objective of this study was to evaluate the effects of different salts (NaF, NaCl, NaBr, NaI, K 2 SO 4 , KCl, KNO 3 , KSCN, LiCl) on freeze-thaw stability, gel strength and rheological properties of potato starch. Addition of the structure-making (salting-out) ions, such as F -and SO 4 2-, decreased freeze-thaw stability and increased gel strength, maximal storage modulus (G 0 ) and maximal loss modulus (G 00 ) of potato starch, due to a stronger three-dimensional network by promoting the starch retrogradation and inhibiting starch gelatinization. Shear stress versus shear rate of all samples at 25°C was well fitted to the simple power-law model with high determination coefficients (R 2 = 0.9863-0.9990). Flow behavior index (n), consistency index (K) and apparent viscosities increased with adding salting-out ions.
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However, the structure-breaking (salting-in) ions had reverse effects on freeze-thaw stability, gel strength and rheological characteristics of potato starch. 
Introduction
Starch granules, when heated in excess water above their gelatinization temperature, undergo irreversible swelling and result in amylose leaching into the solution. When starch paste goes through cooling or storage, starch molecules will rearrange orderly by hydrogen bonding interaction to precipitate or be insoluble, called starch retrogradation (BeMiller and Whistler 2009 ). In the presence of high starch concentration, its suspension will form an elastic gel after cooling. These interactions are time and temperature dependences. Starch gel formed during retrogradation is a metastable and nonequilibrium system, so it undergoes structural changes during storage Zhou et al. 2010) . During retrogradation, the amylose forms double-helical associations with 40-70 glucose units (Zhou et al. 2007) , whereas the amylopectin crystallizes by association of the outermost short branches (DP = 15) (Matalanis et al. 2009 ). Aggregation and crystallization of amylose are completed within the first few hours of storage, while those of amylopectin occur at later stage (Sodhi and Singh 2003) . The variation in thermal properties of starches during refrigerated storage may be attributed to the variation in amylose to amylopectin ratio, size and shape of the granules and presence/absence of lipids (Matalanis et al. 2009; Miles et al. 1985; Zhou et al. 2007) . The amylose content is one of the influential factors for starch retrogradation (Fredriksson et al. 1998) . A greater amount of amylose causes a greater retrogradation tendency in starch (BeMiller and Whistler 2009), but amylopectin and intermediate materials also play an important role in starch retrogradation during refrigerated storage (Yamin et al. 1999) .
Effect of retrogradation on starch-based products can be either desirable or, usually, undesirable. Generally, starch retrogradation significantly contributes to staling or undesirable firming of bread and other starch-based products (Singh et al. 2006; Zhu et al. 2009 ). However, retrogradation is sometimes applied to modify the structural, mechanical or unsuitably organoleptic characteristics of certain starch-based products requiring low-temperature storage, such as the productions of breakfast cereals and parboiled rice, since retrogradation results in increasing hardness and reducing stickiness (Singh et al. 2006 ). Freezing/thawing, which accelerates retrogradation, is applied on dehydrated mashed potato to decrease the amount of soluble starch and improve the consistency of reconstituted product (Zhu et al. 2009 ). The production of Japanese 'harusame' noodles also involves freeze-thaw processing to reduce stickiness for a characteristic chewiness (Rockland and Stewart 1981) .
Starch based/contained foods are often coexists with other ingredients in food products, such as salts. As a condiment, salts are often used in starch products. In yellow alkaline noodles (Li et al. 2015) and sauce (Krystyjan et al. 2012) , both starch and salt are indispensable part of the formula. The starch-salts complexes are also used in non-food field, such as starch-based films (Jiang et al. 2016) . Furthermore, the addition of salts can also affect the performance of starch. Depending on their varieties and concentrations, salts can cause an elevation or depression of starch gelatinization. When discussing effects of salt on starch, there is inevitably involves Hofmeister series. Hofmeister or lyotropic series is a classification of ions in the order of their abilities to change protein solubility or other macromolecule colloid solution, such as starch solution (Leberman 1991) .
Previous studies presented the effect of salts on the gelatinization characteristics of starch (Wang et al. 2017; Zhou et al. 2014) . Salts or ions, following the Hofmeister series, have significant effects on the physicochemical, microstructural and thermal properties of potato starch (Zhou et al. 2014) . Generally, the salting-out ions, such as F -and SO 4 2-, tend to cause decreases of swelling power, solubility, transparency of potato starch and increases of gelatinization temperature and enthalpy. The salting-in ions, such as I -and SCN -, have opposite effects on those properties of potato starch. Different concentrations of NaCl had different impacts on the gelatinization of starches (Li et al. 2014) . NaCl inhibited the gelatinization of corn starch. Low concentration NaCl inhibited gelatinization of potato starch, but high concentration NaCl significantly promoted its gelatinization, due to its negatively charged phosphorus groups. The ionic repulsion generated by these groups weakened the association between the molecules and increased the granule water binding capacity and swelling. In this study, the objective is to evaluate the effects of different salt ions on freeze-thaw stability, gel strength and rheological properties of potato starch.
Materials and methods

Materials
Potato starch (Xue Guan Starch Company, Ning Xia, China) was used after drying in the oven (Shanghai Jing Macro Experimental Equipment Co. Ltd., Shanghai, China) at 105°C for 3 h. Amylose and amylopectin contents were 22.16 and 74.50 %, respectively, determined by the method of Zeng et al. (2012) . Salts were analytical grade, including sodium fluoride (NaF), sodium chloride (NaCl), sodium bromide (NaBr), sodium iodide (NaI), potassium sulfate (K 2 SO 4 ), potassium chloride (KCl), potassium nitrate (KNO 3 ), potassium thiocyanate (KSCN) and lithium chloride (LiCl) (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China).
Freeze-thaw stability
The freeze-thaw stabilities of potato starch with different salts were determined by the method of Wang et al. (2013) . Starch suspensions (5 %, w/v) with salts (0.1 mol/L) in distilled water were heated 30 min in a boiling water bath (HH-4, Changzhou Guohua Electric Co., Ltd., Jintan, China) with moderate mechanical agitation and then cooled. The control was starch without salt additive. Salts were dissolved in the water before adding into the starch. The paste (30 mL) was transferred to the 50 mL centrifuge tube. The tubes were placed in a freezer at -20°C for 22 h and then placed in a 30°C water bath for 1.5 h to thaw and equilibrate. Thawed tubes were centrifuged for 15 min at 9009g (Avanti J-E, Backman, California, USA). The amount of water released from the gel was measured in a graduated cylinder after 1, 2, 4, and 7 freeze-thaw cycles and expressed as percent of water separated or syneresis (Wang et al. 2013 ).
Preparation of potato starch gels
Potato starch suspensions (8 %, w/v) with salts (0.1 mol/ L) were obtained as described above. The gels were prepared by heating starch suspension at 95°C for 20 min in a water bath (HH-4, Changzhou Guohua Electric Co., Ltd., Jintan, China) with manual stirring and then poured into the bottle (40 mm in diameter and 25 mm in depth). The samples were sealed to prevent moisture loss and stored at 4°C overnight.
Gel strength
The gel texture was measured by a Texture Analyzer (Texture Technologies Corp, Scarsdale, NY, USA) using a cylindrical probe (P/0.5, 12.7 mm in diameter), which was programmed to move downwards for a compression ration of 70 % of the original height at a speed of 1 mm/s and a pre-test speed of 5 mm/s, a post-test speed of 5 mm/s as well as a trigger force of 5 g (Huang et al. 2007 ). Breaking force (g) and distance to rupture (mm) were obtained. The first peak force and the corresponding to distance of concave depth in curve is defined as breaking strength and distance to rupture, respectively, while the gel strength (g*mm) of starch gel is multiply breaking strength by distance to rupture (Lee and Chung 1989) .
Dynamic rheological testing
A dynamic rheometer (AR2000ex Rheometer, TA Instruments Ltd., New Castle, DE, USA) was used to determine the rheological properties of potato starch with salts. The gap size was set at 1000 lm. Starch suspensions of 8 % (w/v) with salts (0.1 mol/L) were stirred for 15 min (20°C) at very slow speed using a magnetic stirrer and loaded on the rheometer plate (preheated to 25°C). The sample edge was covered with a thin layer of low-density silicone oil (to minimize evaporation loss) before measurement. During the temperature sweep, strain and frequency were set at 2 % and 1 Hz, which were within its linear range. The starch samples were heated from 25 to 100°C and cooled from 100 to 25°C at a rate of 5°C/min. The cooled starch gels were held at 25°C for 20 min and then subjected to a frequency sweep with the frequency range from 0.01 to 10 Hz at 2 % strain. Storage modulus (G 0 ) and loss modulus (G 00 ) were determined as functions of temperature and frequency .
Steady shear rheological analysis
The potato starch suspensions (8 %, w/w) with salts (0.1 mol/L) were heated at 95°C in a water bath for 30 min. Then the paste was immediately transferred to the AR2000ex Rheometer (TA AR2000ex Rheometer, TA Instruments Ltd., New Castle, DE, USA) equipped with parallel plate system (40 mm in diameter) at 25°C for the measurement of its steady shear rheological properties. The gap size was set at 1000 lm. The exposed sample edge was covered with a thin layer of silicone oil to prevent evaporation during measurement. The flow curves were obtained by registering shear stress at shear rates from 0.1 to 300 s -1 (forward) in 15 min and down in 15 min from 300 to 0.1 s -1 (backward) at 25°C. The power-law model (Eq. (1)) is used to describe the data of shear-induced behavior of stress.
where s is the shear stress (Pa), c is shear rate (s -1 ), K is the consistency index (Pa s n ), and n is the flow behavior index (dimensionless).
The hysteresis loop was obtained from the area between the ascending and descending flow curves. This area was obtained by the difference between integrating the area for forward and backward measurements from c 1 (initial shear rate) to c 2 (final shear rate):
where k, k 0 and n, n 0 are the consistency coefficient and flow index behavior for forward and backward measurements, respectively (Razavi and Karazhiyan 2009) . Software GraphPad Prism (GraphPad prism 5 for windows, GraphPad Software, Inc, San Diego California, USA) was used to calculate those values (k, n, R 2 and hysteresis loop area).
Statistical analysis
All experiments were replicated three times. Results of all measurements were reported as mean values ± standard deviation (SD). For data analysis, the analysis of variance (ANOVA) was performed using a SPSS package (SPSS 17.0, SPSS Inc, Chicago, IL, US). Differences among the mean values of various treatments were made using Duncan's multiple range tests (p \ 0.05).
Results and discussion
Freeze-thaw stability
The ''freeze-thaw'' stability can be an indicator of the tendency of starch to retrograde. The amount of water separated from the starch is directly related to the tendency of its retrogradation (Arunyanart and Charoenrein 2008) . The more easily a starch retrogrades, the more water separated from the starch system, which means a worse ''freeze-thaw'' stability of the whole system (Muadklay and Charoenrein 2008) . Figure 1 presents the freeze-thaw stability of gelatinized potato starch with different salts. Syneresis of potato starch was gradually increased as the increase of freeze/thaw cycles. The addition of salts changed freeze-thaw stability of gelatinized potato starch significantly (p \ 0.05). For structure-making (salting-out) ions, such as F -, SO 4 2-and K ? , syneresis of potato starch was higher than that of the control. There was more water separated from the starch with those salts. Ions decreased freeze-thaw stability of potato starch. However, for structure-breaking (salting-in) ions, such as Br -, NO 3 -, I -, SCN -, Na ? and Li ? , their syneresis values were lower than the control. There was less water separated from potato starch. Those ions increased freeze-thaw stability of potato starch. There was systematic pattern for syneresis of NaF, NaCl, NaBr, and NaI, while the order was NaF [ NaCl [ NaBr [ NaI (Fig. 1) . Generally, the order of decreasing syneresis for anions was SCN (Fig. 1 ). Both were consistent with the Hofmeister series.
When starch paste or gel was frozen, phase separation occured with the formation of ice crystals (Yuan and Thompson 1998) . During thawing, the paste or gel will continue to be composed of a starch-rich and starch-deficient aqueous phase. The extent of phase separation increases with the increase of freeze-thaw cycles, due to an increase in amylopectin retrogradation in the starch-rich phase. The water can also be easily expressed from the dense network or syneresis. This is usually viewed unfavorably as product deterioration. Generally different ions have differences in charge distribution and polarization. (Fig. 1) . It was consistent with the Hofmeister series.
Gel strength
During storage at 4°C, the starch gel starts to retrograde and the firmness of starch gel increases, due to the rearrangement of amylose and the recrystallization of amylopectin side chains to form a three-dimensional network Zhu et al. 2009 ). Table 1 presents the effect of different salts on textural parameters of potato starch gels. The addition of salts significantly changed the breaking force and gel strength of gels, while there was no significant change in distance to rupture (p [ 0.05). Breaking force and gel strength increased with the addition of structure-making (salting-out) ions, such as F -and SO 4 2-. However, they decreased with the addition of structure-breaking (salting-in) ions, such as Br -, NO 3 -, I -, SCN -, Na ? and Li ? . There was also systematic pattern for breaking force and gel strength of NaF, NaCl, NaBr, and NaI, while the order was NaF [ NaCl [ NaBr [ NaI (Table 1) . Generally, the order of decreasing breaking force and gel strength for anions was SCN (Table 1 ). The changes of these parameters were consistent with the ability of ions changing the tendency of starch to retrograde. The changes in the gel strength during storage are an indication of retrogradation tendency of starch gels. The greater the textural changes during storage, the greater is the tendency of starch to retrograde ). Thus gel strength of starch gels further illustrated effect of salts on potato starch gels during retrogradation. Because structure-making (salting-out) ions, such as F -and SO 4 2-, have smaller sizes or a lower polarization. They tend to protect the hydrogen link between starch-starch molecules and have a relatively strong tendency to retrogradation. Such structure-making ions could increase breaking force and gel strength of starch gels. However, ions, such as Br -, NO 3 -, I -, SCN -, Na ? and Li ? , have relatively have larger diameters or less symmetric structures, so they have a relatively weak tendency to retrogradation. Therefore, during cold storage, potato starch gels with those structurebreaking ions could form a weaker three-dimensional network than the control, leading to a decrease of breaking force and gel strength or forming softer gels. Table 2 shows the rheological characteristic parameters of starch suspensions with different salts by the rheometer during the temperature sweep and Fig. 2 illustrates the continuous assessment of dynamic moduli during frequency sweep. The maximal storage modulus (G m 0 ), maximal loss modulus (G m 00 ), T m 0 (the temperature corresponding to the maximal G 0 ) and T m 00 (the temperature corresponding to the maximal G 00 ) of potato starch were increased with the addition of structure-making ions, such as F -and SO 4 2-, while the addition of structure-breaking ions, such as Br -, NO 3 -, I -, SCN -, Na ? and Li ? , caused decreases of G m 0 , G m 00 , T m 0 and T m 00 markedly (Table 2 ). The frequency dependence of G 0 and G 00 gives valuable information of starch structure. G 0 and G 00 increased with the addition of salting-out ions and decreased with addition of salting-in ions during frequency sweep, comparing with the control (Fig. 2) .
Dynamic rheological testing
At early stage of heating, the amylose dissolved from the starch granules and the suspension became a sol, resulting in small increase in G 0 and G 00 . With further heating, G 0 and G 00 increased and reached maxima (G m 0 and G m 00 ), which may be attributed to the formation of a network of swollen starch granules (Hagenimana et al. 2005; Julianti et al. 2015) . G 0 and G 00 of starch dispersions associated with the three-dimensional network structure of starch (Singh et al. 2008; Julianti et al. 2015) . The structure-making (salting-out) ions were able to decrease the solubility, swelling power and increase the gelatinization temperature of potato starch significantly, while the structure-breaking (salting-in) ions had opposite effects (Zhou et al. 2014) . When added the salting-out ions, such as F -, SO 4 2-and K ? , the gelatinization of potato starch was suppressed and there were more granular remains, which supported network structure of the potato starch paste, resulted to the increases in G 0 and G 00 . The increase in G m 0 and G m 00 may be also attributed to salting-out effects by the structure-making (salting-out) ions, which would enhance the aggregation of amylose chains and the formation of a three-dimensional network (Ahmad and Williams 1999) . For the structure-breaking (salting-in) ions, the addition of those structure-breaking ions, such as Br -, NO 3 -, I -, SCN -, Na ? and Li ? , caused the decreases of G m 0 and G m 00 markedly, which might be due to promote the gelatinization and dissolution of the starch by those ions (Zhou et al. 2014) . A true gel system is frequency-independent over a large time scale range (Ferrero et al. 1994) . In contrast, strong frequency dependence suggests a material structure with molecular entanglements that behaves more like a solid at higher frequency and more like a liquid at lower frequency. The G 0 and G 00 of potato starch with structure-making ions Different letters in the same column indicated significant differences (p \ 0.05) were higher than structure-breaking ions during frequency sweep (Fig. 2) , resulted from preserving the integrity of the starch granules by the addition of structure-making ions. More stable network structure of potato starch paste could able to resist frequency increase, which exhibited the higher value of G 0 and G 00 . Generally, the G 0 and G 00 during temperature and frequency sweeps increased in the order: 
Steady shear rheological analysis
Shear stress versus shear rate of all samples at 25°C was well fitted to the simple power-law model (Eq. (1)) with high determination coefficients (Table 3) . Pseudoplastic behavior refers to the viscosity decreases with the increase of the shear rate (shear thinning). All starch pastes exhibited a non-Newtonian pseudoplastic behavior (n \ 1). The flow behavior index (n) values (0.2590-0.3109) showed high pseudoplasticity. The n values of potato starch with salting-out ions were higher than that of the control, indicating the pseudoplastic behavior of the mixtures was weakened by salting-out ions for the structural protective effect of those ions, while the addition of salting-in ions made them lower than the control, indicating the increase pseudoplasticity of the mixture by salting-in ions (Table 3 ). In the same shear rate, the consistency index (K) decreased with the addition of salting-in ions but increased with the addition of salting-out ions due to their effects on the starch three-dimensional network. Existence of a hysteresis loop indicates time-dependent fluid behavior and its area is a measure of the extent of thixotropy (Steffe 1996) . Table 3 shows the hysteresis loop areas of potato starch with different salts. Potato starch with salting-in ions had a larger hysteresis area than those with salting-out ions. It may also attribute to effects of ions on the formation of starch threedimensional network. The salting-out ions, such as F -, SO 4 2-and K ? , due to its small size and low polarization, tends to protect the link of hydrogen bonds between the starch-starch molecules and starch-water molecules to a certain degree (Zhou et al. 2014) , thus inhibiting the gelatinization of starch granules and protecting the structure of paste network, resulting in the reduction of shear thinning and increase of consistency index. While for the salting-in ions, such as Br -, NO 3 -, I -, SCN -, Na ? and Li ? , because of its larger diameter and greater polarization, tends to break the link of hydrogen bonds between the starch-starch molecules and starch-water molecules to a certain degree (Zhou et al. 2014) , thus promoting the pasting of potato starch, leading to the increase of shear thinning and decrease of consistency index.
It should be pointed out that shear thinning and thixotropic behaviors have industrial and commercial significance. For example, since the viscosity of starch decreases with shear rate and shearing time during the mixing process, it will lead to less power consumption. On the other hand, pseudoplastic and thixotropic behaviors have significant impact on the ability of potato starch to spread on another material, where potato starch can break down for easy spreading, and the applied film can gain viscosity instantaneously to resist running (Abu-Jdayil 2004) .
Conclusion
Salts had complex effects on freeze-thaw stability, gel strength and rheological properties of potato starch. Salting-out ions, such as F -and SO 4 2-, accelerated the retrogradation of starch, causing an increase of water amount separated from the system significantly (p \ 0.05). Thus they increased gel strength of potato starch gels. Salting-in ions, such as NO 3 -and SCN -, inhibited the retrogradation of starch. Potato starch with all salts presented pseudoplastic behavior. The area of hysteresis loop decreased with the addition of salting-out ions but increased with the addition of salting-in ions. Under the same shear rate, the viscosity decreased with the addition of salting-in ions but increased with the addition of salting-out ions. Therefore, structurally breaking or making effects of ions on potato , n is the flow behavior index (dimensionless) and R 2 is the correlation coefficient. Different letters in the same column indicated significant differences (p \ 0.05) starch follow on their order in the Hofmeister series. There is a potential to produce starch-based foods with desired characteristics by adding appropriate salt or ion.
